The effect of ionic strength on DNA condensation by cationic liposomes prepared as a mixture of ethane-1,2-diylbis(dodecyldimethylammonium bromide) (C2GS12) and dioleoylphosphatidylcholine (DOPC) was studied using fluorescence spectroscopy. The DNA condensation followed by changes in emission intensity of ethidium bromide shows a strong dependence on the ionic strength of the solution. At physiologically relevant ionic strength (0.15 mol/l NaCl), the amount of DNA condensed between lipid bilayers is approximately 40% lower compared to 0.005 mol/l NaCl. The structure of formed complexes was studied using small angle X-ray diffraction (SAXD). DNA-C2GS12-DOPC complexes form a condensed lamellar phase organisation, which is partially disrupted by the increase of ionic strength. Both the lamellar repeat distance and DNA-DNA distance show dependence on C2GS12/DOPC molar ratio, temperature and also on ionic strength. We found that the method of preparation significantly affects both the quality of organisation and the structural parameters of complexes as discussed in the paper. Metódou fluorescenčnej spektroskopie sme študovali vplyv iónovej sily roztoku na DNA kondenzáciu v prítomnosti katióno-vých lipozómov pripravených zo zmesi etán-1,2-diylbis(dodecyldimetylamónium bromidu) (C2GS12) a dioleoylfosfatidylcholínu (DOPC). Kondenzácia DNA sledovaná prostredníctvom zmien v intenzite emisného žiarenia etídium bromidu vykazuje silnú zá-vislosť na iónovej sile roztoku. Pri fyziologicky relevantnej iónovej sile (0,15 mol/l NaCl) je množstvo DNA kondenzovanej medzi lipidovými dvojvrstvami o viac než 40% nižšie než v prostredí 0,005mol/l NaCl. Štruktúra vzniknutých komplexov bola študovaná pomocou malouhlovej difrakcie RTG žiarenia (SAXD). DNA-C2GS12-DOPC komplexy vytvárajú kondenzovanú lamelárnu fázu, ktorej usporiadanie je čiastočne narušené pri zvýšenej iónovej sile. V závislosti od mólového pomeru C2GS12/DOPE, teploty a iónovej sily sme pozorovali zmeny periódy lamely ako aj vzdialenosti medzi DNA vláknami. Experimentálne výsledky sú diskutované vzhľadom na spôsob prípravy komplexov.
For the efficient and safe introduction of DNA into the cell nucleus (transfection) a suitable vector is needed. The most effective transfection agents are viruses (Robbins & Ghivizzani, 1998) ; however, there are serious safety concerns (Verma, 2000) . As a result, the search for alternative non-viral vectors has intensified. One of the most promising groups of non-viral vectors are cationic liposomes. Since their first use by Felgner et al., (1987) what results in DNA condensation. The condensed DNA is partially protected from degradation by enzymes (Rolland, 1998) and can be transferred through endocytosis more effectively (Kirby et al., 2003) . Helper lipid modifies the colloidal and structural properties of the complexes and supports their transport through cell membranes (Hirsch- Lerner et al., 2005) . Relations between the structure, physicochemical properties and transfection efficiency of liposomal vectors are still not fully understood. Gemini surfactants (GS) were revealed as a promising group of cationic additive surfactants for gene delivery vectors by Kirby et al, (2003) . GS consists of two hydrophobic chains and two ionic (polar) groups linked by a spacer (Menger & Keiper, 2000) . GS as non-viral vectors for gene therapy have become a major focus of research because of the unique solution properties imparted by their molecular structure. Their critical micelle concentration is, in general, an order of magnitude or more lower and the surface activity is an order of magnitude greater than it is for comparable single-chain surfactants, but at comparable or lower levels of toxicity (Menger & Keiper, 2000; Wettig et al., 2008) . One of the most studied type of GS are alkane-α,ω-diyl-bis(alkyldimethylammonium bromide)s (CnGSm, where n is the number of spacer carbons and m is the number of carbons in the alkyl chains). CnGSm were found to increase the efficiency of DNA transfer into bacterial cells (Horniak et al., 1989) . In combination with helper lipid dioleoylphosphatidylethanolamine (DOPE) they have shown good transfection efficiency both in vitro (Cardoso et al., 2014; Foldvari et al., 2006; Muñoz-Úbeda et al., 2012) and in vivo (Badea et al., 2005) . The physicochemical properties of GS-DNA complexes or without helper lipids were also intensively investigated (García et al., 2014; Grueso et al., 2013; Pietralik et al., 2013; Uhríková et al., 2005a) . Our group has studied systematically the structure and polymorphic behaviour of complexes DNA-CnGSm-neutral phospholipid (Pullmannová et al., 2008 (Pullmannová et al., , 2012a (Pullmannová et al., , 2012b Uhríková et al., 2002 Uhríková et al., , 2005b Uhríková et al., , 2007 . Our experiments showed that besides the composition of complexes their microstructure is influenced also by other factors such as the ionic strength of the aqueous medium or the method of preparation (Pullmannová et al., 2012b) . This work extends our study focused on the effect of the ionic strength on DNA condensation and the structure of the complexes formed in respect to the used method of preparation. The complexes were prepared by direct mixing of dioleoylphosphatidylcholine (DOPC) unilamellar liposomes with a solution of C2GS12 and DNA in the aqueous medium at two concentrations of NaCl, 0.005 and 0.15 mol/l, respectively. Fluorescence spectroscopy was employed to follow DNA condensation by cationic liposomes. The structure of complexes was studied using small angle X-ray diffraction (SAXD). The results are compared and discussed with respect to our previous study (Pullmannová et al., 2012b) where different methods of complexes preparation were used.
MATERIALS AND METHODS

Materials
Highly polymerised calf thymus DNA (sodium salt) Type I (average Mr of nucleotides = 308) was purchased from Sigma Chemicals, St. Louis, Missouri, USA; ethidium bromide (EtBr) was purchased from Merck, Germany and neutral phospholipid dioleoylphosphatidylcholine (DOPC) was purchased from Avanti Polar Lipids, Alabaster, Alabama, USA. Ethane-1,2-diyl-bis(dodecyldimethylammonium bromide), C2CS12, was prepared as described in (Imam et al., 1983) and purified by manifold crystallisation from a mixture of acetone and methanol. The NaCl of analytical purity was purchased from Lachema, Brno, Czech Republic.
Preparation of DNA solutions
DNA was dissolved at concentration 5 mg/ml in 0.005 mol/l NaCl or 0.15 mol/l NaCl, respectively. The precise value of DNA concentration was determined spectrophotometrically 
Preparation of cationic liposomes
Dispersions of DOPC multilamellar liposomes were prepared by hydration of dry lipid in 0.005 mol/l and 0.15 mol/l NaCl solutions and their homogenisation by vortexing. DOPC unilamellar liposomes were prepared by extrusion of the lipid dispersion through polycarbonate filters with pores of diameter 100 nm. The DOPC unilamellar liposomes were mixed with the solution of C2GS12 at various molar ratios C2GS12/DOPC and stored at 4°C for 24 hours.
Fluorescence experiments
The samples of DNA-C2GS12-DOPC complexes for fluorescence experiments were prepared in the range of C2GS12/ DNA = 0-2 mol/base mol for both studied NaCl concentrations. DNA solutions were mixed with fluorescence probe EtBr at DNA/EtBr = 12 base mol/mol. After 5 minutes, mixtures of unilamellar liposomes at wished molar ratio C2GS12/DOPE were added into the samples and the volume completed to 3000 μl by appropriate NaCl solution. The florescence of samples was measured 30 minutes after the preparation using the Fluoromax-4 spectrofluorometer (Jobin Yvon, France). The emission fluorescence intensity of EtBr was measured at λ em = 596 nm, using exciting wavelength λ ex = 520 nm. The emission intensity of each sample was corrected for the background fluorescence of EtBr in the absence of DNA and then normalised to the EtBr fluorescence of sample containing DNA without any C2GS12-DOPC liposomes (C2GS12/ DNA = 0).
DNA -DOPC -GEMINI SURFACTANTS COMPLEXES: EFFECT OF IONIC STRENGTH
Small-angle X-ray diffraction experiments
The samples of DNA-C2GS12-DOPC complexes for SAXD experiments were prepared in 0.005 and 0.15 mol/l NaCl solutions by mixing the dispersions of C2GS12-DOPC unilamellar liposomes prepared at the range of molar ratios C2GS12/DOPC = 0.1-0.5 and the DNA solution. The samples were prepared at theoretical isoelectric point (DNA/C2GS12 = 2 base mol/mol). SAXD experiments were performed at the soft condensed matter beamline A2 at HASYLAB at the Deutsches Elektronen Synchrotron (DESY) in Hamburg (Germany), using a monochromatic radiation of wavelength λ = 0.15 nm. The evacuated double-focusing camera was equipped with linear delay line readout detector. The samples were measured at 20°C and equilibrated at selected temperature 5 min before measurement. Temperature scans were performed at a scan rate 1°C/ min and the diffractograms were recorded for 10 s every minute. The data were normalised against the incident beam intensity using the signal intensity measured in the ionisation chamber. The SAXD detector was calibrated using rat tail collagen (Roveri et al., 1980) . Each diffraction peak of SAXD region was fitted with a Lorentzian function above a linear background.
RESULTS
DNA condensation
DNA condensation was indicated by a decrease of emission intensity of fluorescence probe EtBr. The free molecules of EtBr in a solution follow a nonradiative decay pathway that involves donation of an amino group proton to solvent. When EtBr is intercalated into DNA, the ethidium cation is isolated from the solvent and the proton transfer pathway between EtBr and the solvent is blocked. This leads to increase of fluorescence intensity about 20-fold (Izumrudov et al., 2002) . DNA interacts with cationic surfactants or cationic liposomes due to electrostatic attraction between cationic agent and negatively charged phosphate groups of DNA. Neutralisation of the negative charge of DNA phosphate groups leads to compaction and condensation of the DNA molecules and their condensation (Eastman et al., 1997) . The condensation of DNA leads to displacement of intercalated EtBr, that presents itself as the decrease of fluorescence intensity (Eastman et al., 1997; Izumrudov et al., 2002; Wiethoff et al., 2003) . Fig. 1 shows the dependence of the emission intensity of EtBr on C2GS12/DNA molar ratio at two ionic strength of solutions, in 0.005 mol/l and 0.15 mol/l of NaCl, respectively. The concentrations of DNA (3 μmol/l), EtBr (0.25 μmol/l) and DOPC (12 μmol/l) were kept constant, while the concentration of C2GS12 varied depending on C2GS12/DNA molar ratio. The dependence of normalised fluorescence emission intensity of EtBr on the CnGS12/DNA molar ratio has a sigmoidal course and the minimal intensity reaches at C2GS12/DNA ≈ 1.2 mol/ base mol in both used NaCl solutions. Above this molar ratio the decrease of emission intensity is insignificant. The main difference between the two used NaCl solutions is in the observed minimum of normalised emission intensity of EtBr. At low ionic strength (0.005 mol/l NaCl), the minimum is achieved at 21.89 ± 0.01%, while at high ionic strength (0.15 mol/l NaCl), we determined 62.71 ± 0.01% of total intensity.
The structure of DNA-C2GS12-DOPC complexes
We studied the structure of DNA-C2GS12-DOPC complexes hydrated by 0.005 mol/l and 0.15 mol/l NaCl solutions as a function of C2GS12/DOPC molar ratio. All samples were prepared at the theoretical isoelectric point based on nominal charges of each species, corresponding to the molar ratio C2GS12/DNA = 0.5 mol/base mol. Fully hydrated DOPC was measured as a control sample. At 20°C DOPC forms a liquid crystalline lamellar L α phase (Wiener & White, 1992) . The diffractogram of DOPC at 20°C (Fig. 2) shows two peaks, L(1) and L(2), related to the first and the second order of the lamellar phase. We determined the repeat distance d = S 1 = 6.13 ± 0.01 nm, where s1 is the position of maximum of the first order pendences of normalised fluorescence intensity I norm of DNA-EtBr-C2GS12-DOPC complexes on C2GS12/DNA molar ratio at NaCl concentration 0.005 mol/l (■) and 0.15 mol/l (▲). 
In the complexes dw contains a monolayer of hydrated DNA strands. In our experimental protocol, we mixed DOPC unilamellar liposomes with a solution of C2GS12 to get the wished C2GS12/ DOPC molar ratio. Due to the surfactant-lipid interaction, the hydrophobic alkyl substituents of C2GS12 molecules intercalate between the lipid acyl chains of DOPC bilayer. Polar headgroups of C2GS12 molecules create positively charged surface of the bilayer, and the C2GS12/DOPC molar ratio determines the surface charge density. Cationic C2GS12-DOPC liposomes interact with DNA and form complexes. 
DISCUSSION
Fluorescence spectroscopy experiments show clearly the influence of the ionic strength on the condensation of DNA by C2GS12-DOPC liposomes. While in 0.005 mol/l NaCl, the observed minimum of EtBr emission intensity is at approximately 22%, in 0.15 mol/l NaCl the minimum is at approximately 63% of the total emission intensity of DNA without any cationic liposomes. This minimum was achieved at the same C2GS12/ DNA molar ratios (≈1.2 mol/base mol) for both studied ionic strengths. This suggests that regardless of the ionic strength of the solution, the formation of DNA-C2GS12-DOPC complexes ends at the same point. However, the experiments revealed a big difference in the minimum of EtBr emission intensity between the two ionic strengths used. This indicates a decrease in the efficiency of C2GS12/DOPC liposomes for DNA condensation at high ionic strength. The lower ability of cationic liposomes to condense DNA at higher ionic strength is caused by the screening effect of small ions present in solution on the electrostatic interaction between DNA polyanion and cationic liposomes (Jing et al., 2004) . Our results are in good agreement with the work of Eastman et al., (1997) where it was observed a decrease in efficiency of DNA condensation by cationic lipid 1,2-dimyristyloxypropyl-3-dimethylhydroxyethyl ammonium bromide at higher ionic strength. Increase of the NaCl concentration to 1.5 mol/l lead to total suppression of DNA condensation by cationic liposomes. Eastman et al., (1997) assumed that the high ionic strength leads to formation of complexes that even at the excess of cationic lipid contains uncompacted DNA without full compensation of its anionic charges. This partially uncompacted DNA would therefore still be accessible to EtBr even when it is bound in complexes with cationic liposomes. SAXD measurements revealed that the ionic strength influences also the structure of DNA-C2GS12-DOPC complexes.
In 0.005 mol/l NaCl, the complexes form typical condensed lamellar phase (L α C ). When we increased concentration of NaCl to physiologically relevant values (0.15 mol/l), we observed a coexistence of L α C and a second lamellar phase L 2 . The portion of both phases, L 2 and L α C , is dependent on the C2GS12/ DOPC molar ratio and temperature. At low content of C2GS12, the dominating phase is L 2 while at C2GS12/DOPC = 0.5 mol/ mol, the major structure is L α C phase. The closeness of lattice parameters of both phases, d LC ~ d 2 , suggests that the L 2 phase is most probably a condensed lamellar phase too, formed at slightly different C2GS12/DOPC molar ratios due to non-homogeneous mixing of the two solutions (DOPC and C2GS12) at the cationic liposomes preparation. In our previous work Pullmannová et al. (2012b) , the structure of DNA-CnGS12-DOPC complexes (n = 2-4) have shown differences when complexes were prepared by two different procedures: DOPC was mixed with CnGS12 in an organic solvent and then dried under a stream of gaseous nitrogen followed by vacuum. The dry lipid films were hydrated by NaCl solution at different concentration (0.005-0.200 mol/l), and multilamellar liposomes were prepared. DNA solution was added to the dispersion of liposomes by two different methods, either by drop-by-drop addition or by addition of all appropriate amount of DNA in one step. At low ionic strength, all complexes have shown L α C phase. At high ionic strength, the structure of complexes differed depending on the method used to DNA addition. While complexes prepared by one-step addition of DNA have shown L α C phase; in the complexes prepared by step-by-step addition of DNA, the phase separation was observed. Similar to our system, an additional lamellar phase has been detected, particularly at low C2GS12/DOPC molar ratios and high ionic strength of solution. However, contrary to our samples, SAXD has shown only a minor volume fraction of this lamellar phase through all CnGS12/DOPC molar ratios, and the L α C phase was the predominant structure. Generally, DNA- CnGS12-DOPC complexes prepared by the method used in Pullmannová et al. (2012b) has shown better long-range ordered structure, manifested by higher intensities and sharper peaks on diffractograms. Thus preparation of complexes by direct mixing of components dispersed in aqueous solutions results in a formation of less organised structures. At high ionic strength, our method of the complex preparation also supports phase separation. We detected much higher portion of the L 2 phase compared to Pullmannová et al. (2012b) . The revealed dissimilarities result from a different origin of the L 2 phase. In our samples, the L 2 phase was formed due to nonuniform incorporation of C2GS12 into DOPC bilayers during the components mixing. In the study of Pullmannová et al. (2012b) , the phase separation is caused by drop-by-drop addition of DNA when in the first stages positively overcharged complexes were formed. In this stage of preparation, domains of lipid enriched with C2GS12 are formed (due to lateral diffusion of surfactants molecules in the lipid bilayer) on interaction with DNA. Both phases, the L α C and additional lamellar phase, are in coexistence within one structure and they cannot be separated macroscopically as proven by Pullmannová et al. (2012b) . Similar microscopic phase separation induced by the high ionic strength was observed also in DNA complexes with mixture of cationic lipid dioleoyl trimethylammonium propane and DOPC (Koltover et al., 1999) , with mixture of C4GS12 and dilauroylphosphatidylcholine (Uhríková et al., 2004) The importance of the systematic study of changes in polymorphic behaviour of DNA-cationic liposomes complexes caused by the used preparation method is underlined by a recent work of Cardoso et al. (2014) , which suggests that the way of preparation strongly affects also the transfection efficiency. Authors found that complexes DNA with C2GS12 or C2GS16 and mixture of DOPE and cholesterol has shown higher transfection efficiency when they were prepared by direct mixing of DNA, GS and helper lipid liposomes in the aqueous medium compared to the delivery vectors prepared by mixing of GS, DOPE and cholesterol in an organic solvent and, consecutively, DNA adding to GS/DOPE/cholesterol liposomes. Authors assumed that the difference in transfection efficiency could result from differences in structures of formed complexes. The structure of these complexes was not studied in the referred work.
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CONCLUSIONS
We found that the ability of C2GS12-DOPC liposomes to condense DNA at physiologically relevant ionic strength is significantly reduced. While at low ionic strength (0.005 mol/l NaCl), the decrease in EtBr emission intensity indicates almost 80% of the total DNA condensed by the cationic lipid bilayer, less than 40% of DNA was bound in complexes prepared at 0.15 mol/l NaCl. Experiments revealed that the condensation process ends at the same ratio, C2GS12/DNA ≈ 1.2 mol/base mol, at both studied ionic strengths in spite of the difference in the condensation efficiency. Our results confirmed that the method of preparation of DNA-cationic liposomes complexes affects their structure significantly. DNA-C2GS12-DOPC complexes prepared by direct mixing of DOPC unilamellar liposomes with a solution of C2GS12, and consecutively with DNA solution form a condensed lamellar phase showing a small shift in its structural parameters when compared to the complexes prepared by mixing the lipid components in an organic solvent and applying hydration method as used in Pullmannová et al., (2012b) . We revealed significant structural differences when complexes were formed at high ionic strength. The complexes hydrated by 0.15 mol/l NaCl have shown a lower degree of long-range order and two-phase coexistence in a large range of C2GS12-DOPC molar ratios and temperature. The transfection efficiency of delivery vectors depends on their structure as indicate recently published experiments of Cardoso et al. (2014) . During our many years of research in relation to the structure and methods of DNA-cationic liposomes complexes preparation, we observed that a condensed lamellar phase is formed when the lipid components are mixed in an organic solvent and dried under vacuum. Consecutively, the dry lipid film is hydrated by aqueous medium and mixed with a solution of DNA in one step. Other ways of the complexes preparation frequently result in a coexistence of two or more phases in their structure, particularly when complexes are prepared at low-surface charge density and in high-ionic strength of aqueous medium.
